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ABSTRACT I
Use of Very Low Frequency and Low Frequency (VLF/LF, 3-300 kilobertz) electromagneuc signals for long range
underwater communications predates World War II. VLFJLF communications is unique in that transmitted signals
are transmitted over extremely long ranges and transmitting antennas are very large. Land-based anteans are
typically designed to be supported by towers over 180 meters tall or to span mountain valleys. Airborne antennas
typically measure seven kilometers long- Input powers of up to two megawatts provide detectable signals for
megameters.

The development of this communications system has created and exploited numerous techmcal advances-
Propagation research, material technology, numerical analysis and scale modeling, communications performance
evaluation, and modulation advances will be discussed in the context of an overview of this worldwide
communications system.

LOW FREQUENCY PERSPECTIVE

VLF/LF communications occupies the 3-300 kilohertz band. Below are the power and telephone frequencies; and
above are the commercial AM/FM and TV bands, and microwaves. Broadcast communications at and above the I
microwave frequencies are not efficient because the signal attenuates rapidly unless guided (as by fiber optics) or
focused into a tight beam (as by lasers or dish antennas).

OPPORTUNITY AND CHALLENGE OF LOW FREQUENCY

The opportunity of low frequency is the ability to tansmit a signal a long distance and below the surface. For a
plane wave in a conducting media, such as air, signal strength attenuates exponentially with frequency: the lower
the frequency the longer the communications ranges. The larger VLF systems are designed to communicate in the
order of 10 megameters. VLF/LF also propagates well through sea water.

VLF and LF have applications beyond communications. VLF has been used for long range dissemination of
precise standards of frequency and time for many years. Since 1960, the National Bureau of Standards has been
transmitting standard time and frequency information at 20 kilohertz from their site in Colorado. The signal has
been received as far away as New Zealand. VLF and LF are used for local and global navigation. The Omega
navigation system in one example of an international navigation system. The low frequency capability to
propagate into the earth has been used through the years to prospect for oil and to map subterranean features.
Naturally occurring low frequency signatures have proven to be precursors of earthquakes.

There is great opportunity in the long range and subsurface propagation attributes of VLF and LF, and engineers
have been exploiting this oppomunity for nearly a century. They have also been dealing with the challenges of I
VLF and LF communications - low data rate, high power, and large transminting antennas.
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Data rate it: proportional to rtequencv the to,,er :he rrequencv !he low,,er tre !ala r ;te ,i adodon. and
antennas rwiher restrict data rare because of their riarroi,, ban,,%idth Because or the srrict dazta rate iimirta';tO
VLF and LF are nor suited to %oice or video data ransmission Not only is the data rare iow. bAt VL In ,d:
communications require very high power Lo provide long range coverage from renari;elv mnetfictont anennat
Required powers are in the range of tens of kilowans to megawatts at each rwansmirter tme - tef bts,
inrbirmation transmitted at VLF and LF will travel iar. but t is an expensi.e means or travet

VLF antennas are physically large with those for LF being somewhat smaller How.,,ever. because of the iong
wavelengths (up to 30 kilometers) in titus frequency range. even the larttest VL" and LF toweter are elecrtcali-
small. In general, both V'LF and LF antennas have a vertcal radiating section with top loading radials hhich ad,
capacitance to make the antenna appear longer electrically To reach efficiencies atbove 50`%. toers can mnge
from 150-3S00 meters with top hats areas greater than a square kilometer. In addition, an etrerisive rround plane or
very low loss wires is needed to reduce losses from current tflowng through the ground surface These large
structures and their associated transnuters and power amplifiers require large land afta and millions of dollars to
build, maintain, and operate.

Because of the challenge of low data race. high power and large expensive antennas the "cost per bit" for VLF and
LF communications is high. But even at this high cost. the opportunity inherent in long range and subsurface
propagation at VLF and LF has kept engineers busy smving to overcome these challenges every since the das of
Marconi.

HISTORY OF LOW FREQUENCY CONLMUNICATIONS

Early transmissions used spark gap transmitters, which were modifications of the configuration used by Heinrich
Hertz to detect electromagnetic waves. The first to realize that Hertz' electromagnetic waves could be used for
signalling was Guglielmo Marconi. a young Italian elecrncity buff. He used real and error to develop his idea, and
on 2 June 1896. received English Patent #12039 - the first for wireless commu-nication eqtupment. Marccnr
established the Marconi Company to make commercial use of his invention. The fi internianonal wireless station
sent messages between England and France in 1899. In 1901. Marconi equipment sent the first trans-Atlannc
signals from Poldhu in Cornwall, England, to an antenna held aloft by kites and balloons in Newfoundland. Canada.
The frequency of first radio transmrussions across the Atlantic are unknown because the cymnometer, which meas-urt.
frequency, was not invented until 1904.

Once Marconi demonstrated the feasibility of his invention, other commercial companies built on his work. in
1901, there was both unintentional and mtentional interference between radio stations in New York harbor. This
was when the Marconi Company, the American Wireless Telephone and Telegraph Company, and the De Forest
Company all tried to report the International Yacht Races at the same time. That was probably the first marked
case of radio interference and the first radio jamming fight in this country.

The early impetus for long range "vwreless" communications came from the needs of the various colonial empires
desires for transoceanic communications services and the command and control needs of the various navies. For
many years, wireless communications meant low frequency. The first commercial Atlantic service (begun in 1907
between Glace Bay, Newfoundland. Canada and Clifden, Ireland) was at 82 kilohertz, in the low frequency band.
Between 1910 and 1912, a number of commercial operations used frequencies of 12-13 kilohertz for long range
communications.

Between World War I and World War 11, VLF and LF transmissions fell into commercial disuse as improvements
in high frequency techniques made HF communications commercially feasible. However, VLF and LF networks
continued to be used by those whose need for highly reliable long range communications could be balanced by
their greater cost.

In 1941, the Goliath station at Kalbe. Germany began transmitting 1000 kilowatts at 16 5 kilohertz. The station
was well named, with eighteen masts ranging from 175-200 meters tall. The top hat was 1 25 square kilometers.
which is more than 280 football fields. Despite having a ground system of galvanized iron rather than copper. the
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final anterna had an etrticencv )It ntarh, 50' at t( Ues t lp•eat , :rst.urc , . .. . .. i t . lj4
previously been aczomphsrned Atcr Worhd %VWar ii. mte Ru'sIans ioied ,Ile •oa:nl • n !o k4.o'. RUsi;

Subsequently. more large \vLF &taotwns and a:tnas '%ere bui ro proN.11 1., or 1.c .e1ae t't fic tih;.

message traItic required dunng and a;`er WII They used lar.er 'op hats and more Fo ertut tramsnittcrs A.bc-i

the U S Naval Radio Transmimng Facdiiy at Cutler. Maine. xat buit in !9t i. (nc •niai c-oui! terai' e Dheard

around the world

Airborne VLF and LF mransmissions began in the early 196O0s The antenna trai:,d by an airptane flying at :r-e

kilometers can be more than seven kilometers long. Long antennas are more efficient t,-= shorter ones and. for air
to surtface communication, are most effective when oriented vertically To optimize tnis verucaitry, the antenna is
formed into a corkscrew shape behind and below the airplane. The tight spiral rum he airplane must maintain to
meet :hat cnitena is physically demanding on airplane and crew alike

Although new VLF/LF rrarimttung sites are being built, many of the early sites are still operating due to the heavy
investments made in them. For example, the VLF transmitting site at Annapolis. Md was constructed in 1918 and
was modified in 1922 and 1941- These sites and the VLFLF communacations system have withstood the many
modifications dictated by advancing technology and changing communications requirements This is a testunonv
to the opportunities of LF communications.

TECHNOLOGY ADVANCES TO MEET THE CHALLENGES OF LOW FREQUENCY

The need to employ the unique benefits of low frequency communications has provided the impetus to exploit and
create technology advances to overcome its challenges.

Propagation Research: VLF/LF signal strength does not decrease monotorncally with distance from the
transmitter, but shows alternating maxima and minima as distance increases. The location of the maxima and
mmitma is a function of time. location, and frequency. For any given transrrussion path. thu signal strength changes
with the state of the ionosphere, which in turn is a function of time of day, season of the year. and even the surtsp.c
cycle.

Radiated signals are measured to validate performance and to validate propagation prediction progr.uts. Twea'y
years ago engineers slaved over paper tape print outs to glean a few precious signal data points. Today, VLJ-fLF
receivers are gathering data worldwide and providing an avalanche of data on computer disk. Now the challenge is
to quickly cull the questionable data and to develop automatic processing routines for the remainder.

The predominant atmosphenc noise at VLF/LF is generated by lightning storms. This noise propagates and is
affected by the ionosphere in the same manner as the VLF/LF signal. Noise measurements are being performed
worldwide to improve existing noise models. Research is ongoing in location and frequency of lighting strikes and
on detailed characteristics oflightning.

Material Technology: When the power into a typical VLF/LF antenna is increased, the voltage limit of one of the
antenna components will eventually be exceeded. At this point the component '-il go into corona. This is a flow
of current between the component and ground which wastes energy and is potentially harmful to the antenna

component. Advances in material technology have significantly increased the power handling capability of the
mansmirting antennas.

Currently base insulators and bushings utilize conventional porcelain. The practice of using porcelain insulators
developed for the power industry has led to designs which are not optmized for LF communications and which
require a long lead time for fabrication. To cope with these shortcomings, the Naval Civil Engineering Laboratory
in Port Hueneme, California has developed a new composite material called Polymer Concrete. The advantages
are: fabrication at the construction site; flexible size and shape: curing time of less than a day; and repairable on
site. Weathenng tests and investigations into protective coatings are ongoing
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Another material being .•- ed to LF ipplicatcions is Metilass. In .rmiOpnous Soi,,J that h..s iuw ov-.s properntu
which are ideal for transformer applications Until recently. the choice or lo'. los ,ore matenais 'al hlmited 'o
ferte; now N1etilass is available with equally low core loss at frequencies beio. 2.00 kilotiernz The maaximum,
t1tLt density for femte is 3000 gauss. and for Metiglass is 15000 gauss. Since the ie'dctawe volt-amperes rating ot a
component is directly related to the square of the flux density, at follows that for a given ,olt-ampere rating ,he
metglass rranisrormer is only one twenty-fiflh the size of the femte re transtormer for equal ratings

Antenna Numerical Analysis and Scale Modeling: The large size of VLF and LF antennas makes design by trial
and error prohibitively expensive: the complexity of the electromagnetic equations makes analyiical approaches
prohibitively time consurming. Two methods which have been developed to aid VLF'LF antenna engineers are
numerical electromagnetic computer codes and physical brass scale models

Most of the numerical codes developed to model antennas were originally designed for higher frequency
applications. Applying these codes at VLF creates problems. For example. values that are ,very small but
signuificant at VLF are treated as acceptable error by an HF code. New techmques are being developed for VLF
applications. Currently. some of the simpler LF antennas can be modeled using PC's Ongoing investigations into
the use of new techniques promise greater accuracy and increased modeling speed

Brass scale models of VLF and LF antennas have advanced techniques developed originally for HF shipboard
antenna design. During the past 5 years ,VLF antennas have been modeled at scales as small as 1800:1 The wires
used in these models are less than the diameter of a human hair. These models have proven amaz:ngly accurate.
and in addition to their usefulness as an electrical model, they also provide visual reference for mechanicai
engineers and maintenance personnel-

Communications Performance Evaluation: As the VLF/LF communications systems grew more important and
more extensive, it became necessary to develop system evaluation and development tools. Three of these tools are
the Pseudo Atmospheric Noise Generator (PANG), the Real Time Channel Simulator (RTCS) and the Coverage
Prediction Workstation (CPWS).

PANG is a simulated atmospheric noise source. It has become an international standard for evaluating the
performance of VLF/LF receivers. PANG generates a signal which emulates the signal spikes of nearby lighting
strikes and the background Gaussian noise of distant storms. Early versions used actual recording of atmospheric
noise which were of limited length; now the noise is being simulated by computer control which is more flexible.
Simulation of real noise dynamic ranges of up to 90 dB continues to be a challenge.

The RTCS simulates the overall signal environment. It takes a signal tranms'Trted by a laboratory receiver,
attenuaes and distorts it to match a desired propagation scenario, adds atmospheric noise (PANG) or other noise
sources, and presents a "real" signal to the laboratory receiver. Since the upgrade from mechanical switches toj computer control, the RTCS can simulate any environmental effect that can be described.

The CPWS predicts propagated signal strength versus distance. Signal levels are calculated as modal solutions to
the earth ionosphere waveguide. The waveguide calculations must consider variation of ionosphere profile.
orientation of the geomagnetic field and groun" conductivity. Atmospheric noise models are also included in the
program. Simulations which took a week to develop in the laboratory five years ago will soon be produced on a
PC overnight. Communicators will use these expert systems as a tool to support daily broadcast management.

Modulation Techniques: Early signalling used International Morse Code. Dots and dashes were periods of
constant amplitude delineated by periods of no signal. A transmission rate of 10-20 words per minute required
14-28 keying cycles per second. This simple binary system was replaced by other forms of modulation.

Modern methods of transmitting binary information are Frequency Shift Keying (FSK), and Phase Shift Keying
(PSK). FSK uses two different frequencies of the carrier to send binary signals. One frequency represents the
binary "I" and the other frequency represents the binary" 0". PSK uses the two opposite phases of a basic sinusoid
(the camer) to indicate the two possible states. PSK is more efficient than FSK. but cannot be used for VLF/LF
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because the instantaneous phase shitts create high voltage transients that Aould destrToy rrnsmtefr Output c~rcU1is
Minimum Shirl Keying kMSK) is the current modulation scheme of choice. In MSK the trequcrcy sta',s cor.stanrt
when the bits are constant tall I's or O's), the ftequency shifts ohen the next bit is different t I changes 0o ) or .) U
changes to 1).

Although VLFiLF communmcattons are basically reliable, signals do attenuate and suffer phase shirl Thus. error
protection is often used to ensure that the signal received is that which was trasmmned. Redunoant digits are added
to the transmitted message according to a specific algorithm. At the receive end, the redundant digits are snipped
and recalculated using the same algorithm on the received message. If both are the same, the message is considered
error free. Certain algonthms provide both error detection and error correction capability

Data compression techniques have been studied to improve the effective data rate of VLF and LF ransmissions
One method is to encode the data such that a certain ransrnted group of characters is decoded to a larger phrase
or sentence. This works well if transrrussions are lihruted to specific topics or statements; but it is not effective for
general transmissions A more general compression technique is to code the alphabet so that the most frequently
used letters require the fewest bits.

Paradoxically, the low data rate feature of LF communicationls encourages state of the at modulation and error
correction techniques. The high ratio of computer speed to data rate allows powerful processors to effectively
perform advanced and complex signal processing techniques in real time. Techniques developed at LF can be
transferred to higher frequencies as computers increase in speed.

CONCLUSION

The propagation characteristics of LF and VLF provide the opportunity of worldwide and subsurface broadcast-
The challenges of VLF and LF communications are high power, large transmitting antennas and low data rate. The
need to employ the unique benefits of low frequency communications has provided the impetus to exploit and
create technology advances to overcome these challenges.
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